Background. Malignant brain tumors in children generally have a very poor prognosis when they relapse and improvements are required in their management. It can be difficult to accurately diagnose abnormalities detected during tumor surveillance, and new techniques are required to aid this process. This study investigates how metabolite profiles measured noninvasively by 1 H magnetic resonance spectroscopy (MRS) at relapse reflect those at diagnosis and may be used in this monitoring process.
Brain tumors are the most common solid tumors in children and account for 20% of all childhood cancers. While some brain tumors have a very good prognosis, others continue to present major challenges, and brain tumors are now the leading cause of death from cancer in children. 1 Children who relapse following treatment of a malignant brain tumor commonly have a very poor prognosis. Diagnosis of relapse is commonly made using the clinical course and changes on imaging without a biopsy. However, it is well documented that changes can occur on an MRI as a result of treatment and may not represent tumor recurrence or progression, and a more accurate noninvasive diagnosis of relapse would enhance clinical management. 2 -6 The Macdonald criteria, which are based on an increase in size of an enhancing tumor on consecutive MRI scans together with clinical assessment, have been used to determine tumor recurrence. 7 However, not all tumors enhance, and changes in enhancement can result from treatment effects, in particular from radiotherapy. These treatment-related changes are often referred to as pseudoprogression and are due to secondary edema and vessel permeability changes. 8, 9 Further challenges have arisen with the introduction of new therapeutic agents that alter the permeability of the blood -brain barrier and demonstrate a dramatic improvement in enhancement rather than a true tumor response or "pseudo-response." 10 The recognition of pseudoprogression, particularly in adults with high-grade glioma, led to the agreement of the Response Assessment in Neuro-Oncology (RANO) criteria, which have also been extended to low-grade gliomas in adults. 2, 3 The RANO criteria provide an improved assessment of disease progression and treatment response by addressing the limitations of the Macdonald criteria. However, they are still restricted in their ability to diagnose relapse accurately; there are currently no similar guidelines for diagnosing relapse specific to children, and the need for these has been identified. 6 and evaluation of tumor recurrence. 12 -15 Brain tumors in children have a different spectrum of disease than those in adults, and even where the tumors are of the same histological type, there is evidence that the tumors differ between children and adults. 16 In particular, there are a large and diverse number of tumor types seen in children, and this is reflected by the diversity of MRS metabolite profiles seen in the tumors. 17 -20 Combining MRS with a quantitative analysis of metabolite profiles can exploit these differences to provide accurate classification of common childhood brain tumor types. 18, 21 Potentially, MRS could be used to aid the identification of tumor at suspected relapse; however, the diversity of metabolite profiles seen across tumor types ensures that simple rules based on single metabolites or ratios of metabolites are unlikely to be successful in identifying relapsed tumor in all children. 17 One approach would be to use the metabolite profile of the tumor at diagnosis to inform the interpretation of MRS during surveillance, but it is unknown how the metabolite profiles of brain tumors in children differ between diagnosis and relapse. Since it is known that alterations in the biology of tumor cells can occur between diagnosis and relapse-for example, chromosomal changes accumulate in ependymomas 22 -large changes in MRS profile could potentially occur, and this possibility needs to be investigated.
The main purpose of this study was to determine whether large changes occur in metabolite profiles of malignant childhood brain tumors from diagnosis to relapse and if so to identify these. A secondary aim was to confirm that significant differences do exist between MRS of tumors at diagnosis and nontumor lesions observed in the same patients at follow-up. We explored the potential of MRS to aid relapse confirmation when it was added to conventional MRI and clinical course.
Materials and Methods
Patients This is a retrospective analysis from a study in which single-voxel MRS was performed on children between July 2003 and July 2011 during routine MRI for a suspected brain tumor prior to treatment and at subsequent MRI where a lesion was identified. The enrollment criteria for this study included all children with a histologically diagnosed brain tumor of grades II -IV that demonstrated progression or relapse and had good-quality Gill et al.: Characterizing brain tumor relapse in children MRS. Diffuse pontine gliomas were excluded due to the known difficulties of identifying progression on conventional MRI 23 and the previously reported evolution of MRS with subsequent disease progression. 24 Nineteen patients were identified (Table 1 ). The cohort consisted of patients (mean age 7 y) with 7 different tumor types, including 4 glioblastoma multiforme (4 males, mean age 11 y), 4 medulloblastomas (3 males, 1 female, mean age 5.6 y), 4 diffuse astrocytomas (4 males, mean age 8.6 y), 3 ependymomas (1 of which was anaplastic; 2 males, 1 female, mean age 1.8 y), 2 CNS primitive neuroectodermal tumors (2 males, mean age 5.6 y), 1 atypical teratoid rhabdoid tumor (1 male, age 0.1 y), and 1 gliomatosis cereberi (1 male, age 16.3 y), giving a total of 15 male and 4 female patients.
Following MRI at presentation, all patients underwent surgery. Following surgery, an MRI scan was performed within 1 to 3 days, and formal radiological reporting together with review in a multidisciplinary team meeting was used to determine the extent of tumor excision (gross total or subtotal resection). Four patients had a gross total resection by surgical opinion and postoperative MRI; 11 had a subtotal resection; and 4 had a biopsy for diagnosis alone. All children underwent adjuvant treatment with either focal or craniospinal radiotherapy and/or chemotherapy depending on their tumor type and prognostic stratification ( Table 1 ).
Assessment of Disease Progression
Disease progression confirmation in the cohort was taken as the decision made by the neuro-oncology multidisciplinary team from a combination of clinical and radiological features. The criteria were (i) diagnosis of progression if there was an increase in the size of the tumor of more than 25% measured in 2 dimensions on MRI scan and (ii) the appearance of tumor in a previously uninvolved area or clear clinical evidence of disease progression in combination with an equivocal MRI. Follow-up scans were then performed every 1-3 months depending on case scenario to determine patient status. MRS was performed if a lesion, either local or distant to the tumor identified at diagnosis, was large enough for single-voxel MRS. During suspected tumor relapse, MRS processed by the scanner was made available to the clinical multidisciplinary team and qualitatively analyzed by them, but a quantitative comparison with the diagnostic MRS was not made available. If the consensus decision was that the patient demonstrated tumor relapse, optimal treatment strategies were discussed. Neurosurgery at relapse was performed only if it was felt to be beneficial to the patient taking account of outcome and quality of life. Only 3 cases had surgical intervention at first relapse for comparison with histopathological diagnosis at presentation. In all cases the histology was in keeping with that at diagnosis. At the end of the study, 18 patients had died of disease progression and 1 patient was alive with stable disease. The mean time from diagnosis to relapse was 15 months, and mean time from diagnosis to death was 19 months.
MRS Acquisition and Quantitation of Metabolite Concentrations and Lipid Intensities
MRS was carried out on a 1.5 T MR scanner (GE Excite, Siemens Symphony, or Siemens Avanto) after conventional MRI, which included T1-weighted, T2-weighted. and T1-weighted postcontrast sequences. A single-voxel MRS protocol was used with point-resolved spectroscopy localization, a short echo time of 30 ms, and a repetition time of 1500 ms. A water unsuppressed acquisition was also acquired as a concentration reference. Cubic voxels were used with either 2 cm or 1.5 cm side length, and 128 or 256 repetitions were acquired, respectively. Voxel placement was entirely within the tumor as delineated by the conventional MRI with the enhancing component maximized. Local relapses were at the site of the primary tumor, while distant relapses were taken to be at any other location.
Raw spectroscopy data were processed using TARQUIN (Totally Automatic Robust Quantitation in NMR) v3.2.2 with a basis set including 18 different metabolites and 9 lipid and macromolecular components ( Table 2) . 25 The lipid and macromolecular components were included in the analysis as individual components and as combined components at 0.9 ppm, 1.3 ppm, and 2.0 ppm. For cases to be included in the analysis, conventional MRI and voxel location were required both prediagnosis and at relapse. Accurate voxel positioning was confirmed by imaging from 3 planes and checked to confirm that placement was .3 mm away from bone, scalp, and air and was not dominated by normal brain. Cases were also required to have TARQUIN values for full-width half-maximum ,0.150 ppm and a signal-to-noise ratio .5, and a measure of fit quality (Q) was also determined for each spectrum accepting those with a Q fit of ,2.5. Spectra were also inspected visually for baseline abnormalities and major artifacts. In addition to the 19 cases included, 1 case was excluded due to unstable baseline on the relapse MRS. Gill et al.: Characterizing brain tumor relapse in children
Statistical Analysis
All statistical analysis was performed with R Statistical Software v2.13.1 on the metabolite concentrations (mM) quantified using TARQUIN. 25, 26 A power analysis calculation showed that the 19 samples would detect a large effect size (Cohen d ¼ 0.68) for a 2-tailed paired t-test at a significance level of 0.05 with a power of 0.8. TARQUIN provides an indication of the uncertainty in the fit for each metabolite by Cramér-Rao lower bounds. Statistical analysis excluded the metabolites aspartate and gammaaminobutyric acid due to their consistently high Cramér-Rao lower bound levels. Paired Student's t-tests were performed to investigate differences between metabolite profiles at diagnosis and relapse. The comparison was also performed separately for local and distant relapse. Box and whisker plots were constructed for differences between absolute concentrations of variables at diagnosis and relapse. Line plots were constructed to visualize differences among levels of 4 main variables (total choline, myo-inositol, N-acetyl aspartate, and lipids at 1.3 ppm) at diagnosis and relapse. The Wilcoxon signed-rank test was used for the paired analysis of metabolites in nontumor lesions at follow-up and tumors at diagnosis due to the smaller numbers of cases and lack of information on the Gaussian nature of the distribution.
Results
No significant differences in metabolites or lipid and macromolecules were found between diagnosis and relapse (n ¼ 19; P . .05, paired Student's t-test). Subgroup analyses of local relapse (n ¼ 12) and distant relapse (n ¼ 7) also demonstrated no significant differences in metabolites or combined and individual macromolecules and lipid components in either of these 2 groups (P . .05, paired Student's t-test). However, lipids at 1.3 ppm were close to significance (6.5 vs 12.9, P ¼ .07) in the group where MRS was of a distant relapse ( Table 2 ). In addition, no significant differences (P . .05, Student's t-test) were found when comparing MRS at diagnosis and relapse in specific tumor types. The tumor types tested were those brain tumors that had 4 or more cases per tumor type: glioblastomas (n ¼ 4), medulloblastomas (n ¼ 4), and diffuse astrocytomas (n ¼ 4). Differences in metabolite, lipid, and macromolecule levels at diagnosis and relapse are demonstrated in Fig. 1 as a box and whisker plot. Although there are some metabolites that change by a large amount from diagnosis to first relapse, there are no tumors for which this occurs for several metabolites, lipids, or macromolecules, indicating that for all tumors, the majority of the MRS profile is the same at relapse as at diagnosis. Figure 2 shows changes in metabolite concentrations from diagnosis to relapse for 4 main variables: total choline, N-acetyl aspartate, myo-inositol, and lipids at 1.3 ppm. Again, for most cases there is little change in the levels of these metabolites between diagnosis and relapse. However, for a small number of cases, there is a large change in a specific metabolite.
For 5 of the cases, MRS indicated the presence of tumor prior to a diagnosis of relapse being made by the multidisciplinary team using clinical information, conventional MRI, and histology where available. The median time from MRS indicating the presence of tumor to diagnosis of relapse was 3 months in these 5 cases. Four of the cases were astrocytomas and 1 was an ependymoma. Gill et al.: Characterizing brain tumor relapse in children Figure 3 demonstrates the similarity of MRS at diagnosis and distant relapse in a patient with glioblastoma multiforme who had 2 surgical resections followed by radiotherapy. Tumor progression was seen at 536 days, and an additional MRI was performed following radiologically confirmed progression at 654 days at 2 different distant tumor sites. Figure 4 demonstrates spectra from a patient with multiply relapsed ependymoma. After diagnosis, the patient underwent surgical resection followed by focal radiotherapy but later developed local tumor progression. This patient had 4 surgical resections: 2 at diagnosis, 1 at first relapse, and another at a subsequent relapse. Diagnosis at initial presentation was grade 2 ependymoma, but at first and second relapse the tissue samples were increasingly cellular and demonstrated an increasing proliferative rate. The final sample was suggestive of an anaplastic ependymoma (grade III). Spectroscopy was performed at each relapse with the last 908 days after diagnosis. The spectra demonstrate high levels of myo-inositol and low levels of lipids at first relapse, in keeping with MRS at diagnosis (Fig. 4A ), but a decline in myo-inositol and an increase in lipids on the last spectrum (Fig. 4B) .
In addition to the cases where relapse occurred, a further 5 cases had MRS at diagnosis, and of a lesion that appeared posttreatment, where extended follow-up confirmed that the lesion was not relapsed tumor. The MRS in all these cases was very different on visual inspection from the MRS at diagnosis. An example is presented in Fig. 5 . Analysis of 9 MRS scans during surveillance paired with the MRS scans at initial diagnosis showed significantly higher total choline, glycine, lactate, and taurine at initial diagnosis (P , .05, Wilcoxon signed-rank test ).
Discussion
This study investigated metabolite profiles of childhood brain tumors at diagnosis and suspected first relapse at either local and/or distant sites using short echo time MRS and found no significant differences in any metabolite, lipid, or macromolecular level on a paired Student's t-test. In 5 cases there was diagnostic uncertainty based on the clinical and conventional MRI appearances, with relapse being confirmed only 1 to 6 months later. MRS profiles of brain tumors recorded at diagnosis therefore have the potential to aid the diagnosis of relapse.
In adults with gliomas, simple ratio's of metabolites such as total choline/creatine or total choline/N-acetyl aspartate are used to identify tumor. 27 However, pediatric neuro-oncology practice is not dominated by a single tumor type, and a number of studies characterizing metabolite profiles of pediatric brain tumors have identified key differences depending on the diagnostic subtype. 17, 18, 20 This study implies that for pediatric brain tumors, MRS at diagnosis would be a useful aid in identifying tumors on follow-up scans. In any given case, a small number of metabolite values may change substantially from diagnosis to relapse, but the overall pattern of metabolite levels tends to be very similar.
While this study shows that metabolite profiles are similar at first relapse to diagnosis, there are some indications that alterations toward a more aggressive metabolite phenotype can occur in some circumstances. It might be expected that the greatest changes are seen in the distant relapses, and there is a tendency toward higher lipids in these cases, although this is not significant (P ¼ .07). The tendency for the MRS changes to be small from diagnosis to relapse even when the relapse is at a distant site is demonstrated by case 1, which had both a local and a distant relapse ( Fig. 3 ). It may be expected that changes in tumor metabolite profiles accumulate over time, and there is evidence for this in case 6 ( Fig. 4) , which had subsequent relapses and showed evolving changes in the MRS profiles mirroring changes in histology. The decreasing myo-inositol and increasing lipids at subsequent relapses are consistent with this evolution of grade. MRS scans of grade II ependymoma tend to have a prominent myo-inositol peak seen at 3.6 ppm, in keeping with studies of adults with gliomas, where there are trends toward lower levels of myo-inositol at higher grade (Fig. 4) . 28 In addition, a number of previous studies have investigated the levels of lipids in pediatric brain tumors, found mobile lipids to correlate with malignancy across a range of pediatric brain tumors, and associated them with necrosis, which is a histological characteristic of high-grade tumors. 29, 30 Similar changes in MRS are likely to occur in tumors that are known to change from low to high grade as the disease progresses, and this is consistent with findings for diffuse intrinsic pontine glioma. 24 Gill et al.: Characterizing brain tumor relapse in children While this study has established that the MRS scans of relapsed children's brain tumors are very similar to those at diagnosis, the degree of certainty with which MRS can be used to diagnose relapse also depends on the MRS characteristics of other lesions in the brain occurring in these patients. It is therefore reassuring that significant differences were seen in several metabolites between the MRS of tumors at diagnosis and nontumor lesions observed in the same patients at follow-up. Caution does need to be taken when interpreting the spectra in these circumstancesin particular, it is important to ensure that the voxel does not contain significant amounts of normal brain and that the spectra meet the quality control criteria.
It is encouraging that MRS was able to detect recurrent tumor in several cases where the clinical scenario and conventional MRI were not able to diagnose relapse with confidence. MRS was made available to the multidisciplinary team as part of their clinical information during the study, and it may be that there were cases where MRS aided the diagnosis of relapse, although data were not collected systematically on this. It is interesting that none of the cases where MRS indicated the presence of tumor early were Gill et al.: Characterizing brain tumor relapse in children medulloblastomas or other primitive neuroectodermal tumors. Certainly, diagnostic dilemmas following treatment have been best documented in gliomas, and it may be that posttreatment abnormalities that mimic tumor on conventional MRI are rarer in primitive neuroectodermal tumors, although this may change with increasing intensity of treatment in those with high-risk disease. Analysis of MRS that includes the comparison of MRS at follow-up with that at diagnosis is now routinely used to inform clinical decision making in our center, in combination with clinical information and conventional MRI. The role of modalities such as perfusion imaging also warrants investigation, although this technique is not as well established in children as it is in adults. The optimum combination of imaging techniques has yet to be formally established.
Conclusion
This study found that the MRS metabolite profile of a child's brain tumor (grades II -IV) was not significantly different at first relapse from that at diagnosis, therefore aiding the confirmation of the presence of tumor on follow-up MRI. This finding is particularly relevant to the clinical management of these children given that radiotherapy and chemotherapy are known to cause abnormalities on MRI that are difficult to distinguish from recurrent tumor. A large multicenter study should be undertaken to clearly define the role of MRS in distinguishing tumor relapse from treatment-related effects and its added value compared with conventional MRI and other imaging modalities.
